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A B S T R A C T Circulating lymphocytes from patients with congenital X-linked agammaglobulinemia, sporadic congenital agammaglobulinemia, and acquired agammaglobulinemia have been cultured in vitro. They have been shown to proliferate in a normal manner under stimulus of phytohemagglutinin and antigens to which the patient was sensitized. Agammaglobulinemic cells have been shown to synthesize protein at a rate similar to that of normal cells, and the character of the extracellular protein produced is also similar. Agammaglobulinemic lymphocytes have been found to produce a small quantity of immunoglobulin G, similar to that found in normal cell cultures. The quantity of immunoglobulin produced may be increased by exposure of the cells to phytohemagglutinin. From these data, it appears that the basic lesion responsible for agammaglobulinemia is not a deficiency in lymphocyte-mediated antigen recognition or cellular proliferation. It would also appear that the basic deficiency in these disorders does not involve the structural or regulatory genes necessary for the synthesis of immunoglobulins. By exclusion, the pathogenesis of the deficiency would appear to involve cells other than circulating lymphocytes. 
INTRODUCTION
The clinical disorders which are characterized by defective synthesis of gammaglobulin could result from genetic deficiencies in any of the complex events leading to the formation of circulating antibodies. These events may be classified into three general categories: (a) recognition of foreign substances as antigens; (b) proliferation and differentiation of immunocompetent cells; and (c) the synthesis of immunoglobulins. Normal blood lymphocytes in tissue culture recently have been demonstrated to be competent in each of these functions. Pearmain, Lycette, and Fitzgerald (1), Shrek (2) , and many others have demonstrated that human blood lymphocytes in cultures are capable of proliferation in the presence of antigens to which the donor has had a previous immunologic response. Lymphocyte cultures are capable of synthesizing immunoglobulins and the quantity of immunoglobulins produced may be increased by a variety of agents, especially the bean protein, phytohemagglutinin (PHA) (3) (4) (5) . The 23 healthy laboratory personnel in the age range of 18-50 and 17 agammaglobulinemic individuals in the age range of 2-38 (see Table I ). The latter population included 14 patients with X-linked congenital agammaglobulinemia, 1 patient with sporadic congenital agammaglobulinemia, and 2 patients with acquired agammaglobulinemia. All the agammaglobulinemic patients had been receiving replacement y-globulin, except patients War and Kim. The quantity of fy-globulin in the serum of these patients is given in Table I . All had insignificant quantities of -yM and -yA. Serum immunoglobulin levels were determined by the method of Fahey and Lawrence (6) . Serum levels as follows were accepted as normal: -yG, 1.26 ± 0.27 g/100 ml; 'yA, 394 ± 91 mg/100 ml; 'yM, 116 ± 55 mg/100 ml. All patients had essentially normal circulating leukocytes except P. Sal who had approximately 25% bizarre monocytoid cells which defied classification.
Plasma rich in lymphocytes was prepared by the method of Mellman (7) . Heparinized blood in a 50 ml syringe was held at a 450 angle for 1-2 hr. The plasma was then expressed through a bent No. 19 needle, and centrifuged at 300 g for 10 min. The sedimented cells were washed two to three times with incubation medium and suspended to give a final concentration of either 1 or 2 X 106 lymphocytes/ml. The percentage of lymphocytes in these cultures varied slightly with each donor, but fell in the range of 60-90%o with approximately a 30% yield from the blood. In one early study, using D. McD cells, 5% dextran was used to accelerate red blood cell sedimentation. This was later found to reduce the proliferative response of the isolated lymphocytes and was not, thereafter used. Medium and incubation conditions. The incubation medium for these studies consisted of medium 199 with Earle's salts (Microbiological Associates, Inc., Bethesda, Md.), 25%o serum, and antibiotics (200 U of penicillin/ ml; 200 Asg of streptomycin/ml). Calf serum was employed in cultures where deoxyribonucleic acid (DNA) synthesis was measured. In cultures for measurement of protein synthesis by lymphocytes, human serum from type AB donors was employed. The different sera produced only slight differences in DNA and protein synthesis (8) . For studies on DNA synthesis, carrier free sodium phosphate--2P was added to cultures containing 1 X 10 lymphocytes/ml at 3 ,uc/ml to a specific activity of approximately 3.6 mc/mmole of phosphate. Protein synthesis was studied with leucine-1-"4C (New England Nuclear Corp., Boston, Mass.) as a precursor in cultures containing 2 X 106 lymphocytes/ml. This was added at 5 ,uc/ml to give a final specific activity of 6.1 mc/ mmoles of 1-leucine. Previous experiments 1 In order to determine that the apparent rate of 32P incorporation into DNA reflected the true rate of synthesis, it was necessary to determine that the "P-labeled precursor pool was constant. In control cultures, and in those cultures stimulated by antigens, there was a rapid increase in the specific activity of the acid soluble 32P-labeled nucleotide pool within the first 24 hr of culture, but thereafter the specific activity of radioactive nucleotides remained constant. Cultures stimulated with PHA, however, demonstrated a more rapid and quantitatively greater rise in the acid soluble 3'P nucleotides. This was maximum at 24 hr and then fell rapidly, so that after 48-72 hr in the cultures the specific activity of the "P pool was only two-thirds that of the unstimulated cultures. After 72 hr the acid soluble pool in the PHA cultures became more stable. O -(Diethylaminoethyl -) cellulose (DEAE -cellulose) chromatography of the prepared supernatant protein was carried out according to the method of Fahey, McCay, and Goulian (11). 1 ml samples of the supernatants were dialyzed against 0.01 M phosphate buffer, pH 8, and applied to 1.2 X 27 cm DEAE-cellulose columns equilibrated with this buffer. A concave gradient to 0.3 M phosphate buffer, convex to pH 5 was then applied. Serial 3-ml fractions were collected and their optical density at 280 mA was used to determine the distribution of protein.
Aliquots were subsequently plated on aluminum planchets for assay in a Tracerlab Omniguard counter to determine the distribution of radioactive proteins. There was a concave decrease in counting efficiency throughout the entire gradient from 8 to 4%, and each sample was individually adjusted to identical 8%o counting efficiencies using the derived efficiency curve.
Ultracentrifugation in sucrose saline was carried out by a modification of the method of Edelman, Kunkel, and Franklin (12) . A linear gradient from 10 to 40%o sucrose in phosphate-buffered saline was prepared in 5-ml cellulose acetate tubes of the Spinco SW 39 head and overlaid with 0.5 ml of the prepared supernatants. The tubes were centrifuged at 39,000 rpm, for 24 hr in the Spinco model L ultracentrifuge. 4-drop fractions were collected through a No. 22 needle inserted in the bottom of each tube and diluted with 2 ml of water, optical density at 280 m, was recorded, and the aliquots were plated and assayed for radioactivity. Variations in counting efficiency were adjusted as above.
Immunochemical isolation of IgG. We performed isolation of the newly synthesized yG by immunocoprecipitation using rabbit anti-human -yG globulin and carrier -yG globulin. A precipitin curve characteristic for the antiserum was determined and a precipitate reaction at threefourths the antigenic concentration necessary for equivalence was used to precipitate the newly synthesized yG from the medium. To remove protein which might be nonspecifically absorbed by the immunoprecipitate, two heterologous precipitin reactions were carried out before the specific coprecipitation. Rabbit anti-bovine serum albumin (anti-BSA) and (or) rabbit anti-egg albumin (anti-Ea) at equivalence with their specific antigens were used for the nonspecific coprecipitates. These counts averaged 18.6%o of the specific coprecipitates.
RESULTS
DNA synthesis. The quantity of DNA synthesized by both normal and agammaglobulinemic cell cultures was determined at varying intervals. Typical responses are seen in Fig. 1 These studies were performed on the supernatants from 6-day old cultures. In all, the radioactive protein was seen to overlie the beta and gamma globulin region of the serum proteins, with the largest quantity of radioactivity in the gamma region. There was no qualitative difference between the electrophoretic analysis of the radioactive proteins found in the supernatant of normal cells and those from agammaglobulinemic cell cultures. Both PHA-stimulated and unstimulated cultures show qualitatively similar radioactive protein distributions. Studies upon samples isolated from cultures of different age (between 3-10 days) were also similar.
DEAE-cellulose chromatography. The distribution of radioactive protein after DEAE-cellulose chromatography is plotted on Fig. 6 . As before, normal cell cultures are seen above, agammaglobulinemic cell cultures seen below; those with PHA stimulation on the left, no stimulation on the right. Approximately 15% of the newly synthesized protein was found in the proteins which did not bind to the DEAE-cellulose column (effluent peak) at pH 8.0, 0.01 M phosphate. The majority of the radioactive proteins were eluted at lower pH and high salt concentrations. The radioactive protein in the supernatant of agammaglobulinemic cultures was similar to that in normal Studies on Agammaglobulinemic Lymphocytes I D u I cultures. The distribution was similar in cultures with and without PHA. Varying the time in culture did not alter the chromatographic profile.
Sucrose density gradient ultracentrifugation. Sedimentation coefficients of the newly synthesized extracellular protein were estimated by preparative ultracentrifugation in sucrose density gradients. Fig. 7 illustrates the results of these analyses from lymphocyte cultures which were incubated with and without PHA. As before, the distribution of the serum protein in the media, determined by optical density at 280 miu, was plotted for reference. The sedimentation coefficients for the major serum protein groups are noted at approximately 19S, 7S, and 4S. The majority of the newly synthesized protein sedimented more slowly than the 4S serum protein peak; however, approximately 5%o of the radioactive proteins sedimented at 19S, and 15% at 7 S. The distribution of newly synthesized protein was similar in agammaglobulinemic and normal cell cultures, and was not altered significantly by stimulation with PHA, or by time in culture.
IgG synthesis. The electrophoretic, chromatographic, and ultracentrifugation analyses of radioactive protein suggested that one of the proteins produced by the lymphocytic cells was similar to 7S, yG globulin. Isolation of this specific protein was accomplished by means of immunocoprecipitation with anti-IgG and carrier -yG globulin. The quantity of newly synthesized protein was determined from the quantity of radioactivity in this precipitate. The mean concentration of the precursor leucine pool in these cultures had been previously determined to be 0.84 mmoles.1 For the present experiment, the specific activity of the leucine (based on this value) was 6.1 mc/mmole.
Since leucine represents 7% of the yG molecule (14) , the total quantity of yG globulin isolated could be determined after an appropriate correction for a 10% counting efficiency. The quantity of yG globulin synthesized with or without PHA stimulation in each of the 11 agammaglobulinemic lymphocyte cultures is seen in Fig. 8 lated quantity of yG was determined. This is plotted as a function of time in the culture. The mean quantity + the standard deviation of yG globulin produced by the 11 agammaglobulinemic cultures is contrasted to similar data obtained from 13 cultures of normal cells in Fig.   9 . There was no significant difference in the quantity of -yG globulin synthesized between the normal and agammaglobulinemic cultures examined (P < 0.02). Both cultures were capable of being stimulated to produce a threefold increase in the quantity of yG globulin. Under PHA stimulation 1 The rate of accumulation of newly synthesized protein in the cells and extracellular media of these cultures was similar in both agammaglobulinemic and normal cell cultures. The character of the extracellular protein synthesized by the agammaglobulinemic cells was also similar to that seen in normal cultures. As with normal cells, increased quantities of protein could be produced by stimulating agammaglobulinemic cells with PHA. A small proportion of the newly synthesized protein in the extracellular media of both normal and agammaglobulinemic cell cultures had the characteristics of yG globulin by both biochemical and immunochemical characterization. The quantity of -yG globulin produced by agammaglobulinemic cultures was identical with that produced by the normal cell cultures. The quantity of yG globulin synthesized could be increased by stimulation of Studies on Agammaglobulinemic Lymphocytes the cells with PHA. From these data, it would appear that neither the structural nor regulatory genetic apparatus necessary for the synthesis of yG globulin is altered in the peripheral blood lymphocytes of these patients.
These data are in contrast to those reported by Fudenberg and Hirschhorn (15), Cline and Fudenberg (16) , and Elves, Roath, and Israels (17) . They have reported that lymphocytes have failed to proliferate upon stimulation with antigen or PHA, and failed to produce y-globulin. These experiments however were carried out mostly during the first 24-72 hr in culture. During this time period the biochemical differences between stimulated and unstimulated cells are minimal. In our experiments, it has taken 5-7 days in culture for maximal differences in response to be evident. The rate of protein synthesis in the agammaglobulinemic cultures during the first 48 hr was somewhat slower than occurred in the normal cell cultures. This reduced protein production, however, was not statistically significant and had even less statistical meaning when incorporated into the data for the full length of the cultures. However, it is possible that the events which occur in vitro during the first 24-72 hr of the agammaglobulinemic cultures are different from those which occur in the normal cell cultures, and represent an "escape" from an in vivo suppressing environment.
A number of studies on cellular hypersensitivity in agammaglobulinemic patients suggest that lymphocytes from agammaglobulinemic patients function normally. It is well documented that patients with these clinical disorders are capable of expressing skin sensitivity to mumps and other viral agents (18) , to Monilia antigens (19) , and to tuberculin after Colmette-Guerin bacillus (BCG) immunization (20) . They may be actively sensitized with such chemicals as 2, 4-dinitrochlorbenzene (21) . Although there is some evidence that graft rejection may be delayed in patients with agammaglobulinemia, second set rejection is intact in these individuals (22) . Thus, our data, demonstrating similarities in proliferative response and character of protein synthesized, is in more general agreement with the clinical observations on the activity of lymphocytic cells from agammaglobulinemic patients.
The quantity of yG globulin produced by lymphocytes is relatively small and raises the possibility that lymphocytes are the source of the small quantities of immunoglobulins found in the serum of almost all patients with agammaglobulinemia. It is difficult to determine the exact contribution of lymphoid cells to the total yG globulin synthesis, primarily because there are no adequate data concerning the numbers of cells available for synthesis in the intact organism. If we accept MacGregor and Gowans' (23) 
